The availability of dead microbial biomass in a marine beach sand to degradation and mineralization was examined. Microbial sand populations were labeled with [14C]glutamic acid, [3H]adenine, or [3H]thymidine and killed with chloroform. Live sand or seawater (or both) was added to the sterile labeled sand, and biochemical components of the populations were monitored for 10 days. Labeled RNA was degraded more quickly than labeled DNA, but both nucleic acids were degraded to approximately the same extent (60 to 70%). 3H20 was a major acid-soluble breakdown product. RNA (and possibly DNA) breakdown products were reincorporated into DNA (and possibly RNA) during the incubation period. In addition to metabolite salvage, 32% of the total macromolecular 14C was respired in the 10-day period regardless of whether sand or seawater was used as the inoculum. Respiration was essentially complete in 3 days, whereas nucleic acid degradation continued throughout the 10-day incubation. The results indicate that dead microbial biomass is a labile component of the sediment ecosystem.
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In seawater, and particularly in marine sediments, large numbers of bacterial cells can be observed microscopically, yet few of these bacteria can be cultured (5, 7) , indicating that large portions of the population are active but not culturable, dormant, or dead. A number of techniques have been developed to demonstrate the metabolic activity, rather than the culturability, of aquatic bacteria. These methods include sensitivity to nalidixic acid to detect synthetically active bacteria (17) , reduction of tetrazolium salts to detect electron transport system activity (29) , and the use of autoradiography (22) to detect cells actively taking up specific substrates. Using a combination of these methods, Tabor and Neihof (28) were able to demonstrate activity for >85% of the bacterial population of Chesapeake Bay. Unfortunately, a majority of the population in most other environments is inactive. Meyer-Reil (22), using autoradiography, found an average of only 31% of the microbial population of the Kiel Fjord and Bight active with respect to glucose uptake. Zimmermann et al. (29) , using the electron transport system method, found no greater than 12% of coastal Baltic Sea microbial populations actively respiring. Using autoradiography I (25) found <10% of the population active in a coastal marine sediment. I have previously discussed several explanations for these observations (25) and would now like to consider one of these possibilities: that the nonactive cells are truly dead. If so, have the bodies that we observe under the microscope persisted for a long period of time, thus making the sediments a bacterial graveyard, or are dead microbes degraded quickly? In addition to whole cells, do cellular components likewise persist for long periods of time? Relatively large amounts of extracellular DNA or RNA or both have been measured in marine samples (26) , and a few studies (20, 21, 23) have suggested that specific microbial components have short turnover times, but data on the turnover of most cellular macromolecules are scarce. Of particular interest to me was the stability of DNA and RNA, especially recently synthesized nucleic acids as measured with the [3H]adenine and
[3H]thymidine incorporation methods for the determination of microbial carbon production and specific growth rates.
The present study was initiated to provide data on the extent and rate of killed biomass degradation as well as the stability of RNA and DNA in marine sediments. If it can be determined that dead microbial cells are rapidly broken down or mineralized or both, the graveyard hypothesis becomes less tenable. I hope that an estimate of the longevity of dead microbial biomass compared with the specific growth rate of the population will eventually lead to a good estimate of the magnitude of the viable, but nongrowing, population in marine sediments. ,iCi of [methyl-3H]thymidine (specific activity, 77.2 Ci/mmol) and incubated with occasional gentle shaking at the in situ temperature of 25°C. After 6 h (glutamic acid) or 2 h (adenine and thymidine), the overlying water was carefully decanted and replaced with 40 ml of filtered seawater containing 400 ,ul of chloroform. After 2 h of gentle intermittent shaking, the supernatant was decanted, and the sand was gently washed four times with 10 ml of chloroformsaturated, filtered seawater. After the final wash the sand was dried in vacuo and stored in a desiccator until used. Gamma irradiation. Labeled or unlabeled sand was sterilized by exposure to gamma radiation (total dose, 2.5 megarads; approximately 10 h of exposure). Plastic centrifuge tubes containing 10 to 50 g (wet) of sand were capped and lowered into a Mark IV 'Co gamma irradiator. Upon retrieval the sand was aseptically dried in vacuo. Radioactive sand (prepared as described above) was irradiated after the replacement of the radioactive supernatant with 40 ml of filtered seawater (chloroform omitted). After irradiation the samples were aseptically washed and dried as described above.
Experimental procedure. Labeled sand (0.25 g dry), freshly collected live sand (0.5 g wet), and 5 ml of seawater were added to enough 50-ml serum bottles so that two bottles could be sacrificed for each determination at each time of sampling. For samples inoculated with seawater only, the live sand was replaced with nonlabeled gamma-irradiated sterile sand. Controls consisted of labeled and gammairradiated nonlabeled sand suspended in filter-sterilized seawater or chloroform-saturated seawater. All bottles were capped with rubber stoppers and incubated in the dark at 25°C with intermittent shaking. "4C determinations. For the determination of 14CO2 production, the serum bottle stopper was replaced with a stopper fitted with a cup containing a filter paper wick saturated with 0.15 ml of ,-phenethylamine. One-half ml of 2 N HCl was injected into the bottle; after 20 min the wick was removed, and radioactivity was determined by liquid scintillation counting. The bottles were then placed on ice, and 14.5 ml of cold 2 N HCl was added to dissolve the sediment and precipitate the macromolecules. After 1 h, two 10-ml samples were filtered onto Millipore Corp. type HA filters and washed twice with 5 ml of cold 1 N HCl. The filters were dried overnight at 60°C and then oxidized in an Oxymat model JAlOl sample oxidizer in preparation for liquid scintillation counting. The radioactivity in two 1-ml portions of the acid-precipitated filtrate was also counted to determine the amount of acid-soluble metabolites present.
3H determinations. The reactions were terminated, the sediment was dissolved, and the macromolecules were precipitated by the addition of 10 ml of cold 2 N HCI followed by 5 ml of cold 1 N HCl. After 1 h on ice, two 5-ml portions of the mixtures were filtered onto Whatman GF/F glass fiber filters. Each filter was washed twice with 5 ml of cold 1 N HCI and then frozen. A 500-pd sample of filtrate was assayed directly for radioactivity, and the 3H20 portion of the filtrate was determined by the method of Karl (15) . The 
RESULTS
At the onset of the present investigation, I assumed that gamma irradiation would be a nondestructive method for sterilization that would cause minimal chemical and physical changes in the sediment. A dose of 2.5 megarads was needed to completely sterilize the sediment used. In preliminary experiments this dosage not only sterilized the sediment but also almost completely destroyed the ATP, RNA, and DNA present. It can be assumed that other macromolecules were similarly affected. For these reasons chloroform fumigation was chosen for use in this study. Unlike gamma irradiation, chloroform treatment did not alter the amount of DNA, RNA, or total acid-precipitable macromolecules present. Because of these results I have assumed that such treatment did not cause major chemical changes in the sediment, but minor changes cannot be ruled out.
The degradation of total dead microbial carbon is shown in Fig. 1 . Macromolecular carbon was stoichiometrically converted to CO2 without the accumulation of acid-soluble, low-molecular-weight metabolites. The percentage of the biomass carbon that was respired during the 14-day incubation was calculated in two ways for both the sand-inoculated and the water-inoculated experiments. However, there is little difference among the various methods, with an overall average of 31% respired.
The fate of DNA and RNA differed slightly, depending on the radioactive precursor used to label the nucleic acids.
When [3H]thymidine was used, both DNA and RNA were labeled (Fig. 2) ferred method, partly becausc of its simplicity and partly due to a report (2) showing that chloroform did not alter microbial cells or metabolites in any way that made them more or less susceptible to subsequent microbial degradation. In the present study chloroform fumigation proved to be an adequate method for sterilizing sediment. The integrity of the microbial cells after chloroform treatment, however, is not known. Due to the acceptance of the chloroform method, other potential methods have not been rigorously examined. It can only be assumed that microbial biomass killed in a specific way will be representative of natural microbial death.
The stability of DNA and RNA in microbial populations is of interest due to the use of these molecules as measures of microbial growth rates and biomass production in the marine environment (6, 13, 15, 24) . It is interesting to note that
[3H]thymidine extensively labeled RNA in these populations (Fig. 2) . The thymidine incorporation method for the determination of biomass prodution in these sediments, therefore, would be invalid unless the [3H]RNA was chemically separated from the [3H]DNA. For this study the labeling of both RNA and DNA by both precursors was advantageous because each experiment confirmed the initial rapid degradation of RNA. DNA in both cases was degraded at a rate from (Fig.   3) . Assuming that the nucleic acid base(s) produced by RNA degradation was being recycled into DNA, experiments were conducted with unlabeled adenine or RNA added to the incubation mixture. Unlabeled adenine had no effect but unlabeled RNA eliminated the [3H]DNA increase (Fig. 4) , probably by reducing the specific activity of the RNA and subsequently the RNA breakdown product pool. These results indicate that the breakdown intermediates are recycled (salvaged) into DNA (and probably RNA), thus conserving energy the cells would otherwise expend with de novo synthesis. Why added unlabeled adenine had no effect remains unknown. This recycling of metabolites indicates that any degradation-mineralization calculations made in this manner are minimum estimates unless the reuse of lowmolecular-weight metabolites is measured. The recycling of [3H]thymidine-labeled intermediates was not noted, either because the methods used were insensitive or because the [3H]thymidine-labeled products were metabolized in a different manner. Since the same methods were used for both precursors, the latter hypothesis appears more plausible.
Although the results are similar for the breakdown of either [3H]adenine-or [3H]thymidine-labeled nucleic acids, one major difference was the production of a large amount of acid-soluble, nonwater metabolites (Fig. 2) A chloroform fumigation method similar to the one described here has been used by soil microbiologists to determine the amount of microbial biomass in soils (3, 8-12, 19, 27) . The soil is sterilized with chloroform and then reinoculated with a small amount of fresh soil. The CO2 subsequently evolved is then measured and converted to microbial biomass by using a conversion factor that represents the microbial mineralization efficiency. This constant has been determined by adding 14C-labeled cells to soil and measuring their breakdown; it can vary from 30 to 50% (2, 8) , depending on the source of the biomass. Since approximately 33% of bacterial carbon is mineralized compared with 44% of fungal carbon, a "biomass-weighted" figure of 41% is generally accepted (2) . The (1, 4, 18, 20) have demonstrated the activity of DNA-hydrolyzing enzymes in seawater and sediment, thus raising the possibility of abiotic biomass degradation.
The environmental importance of the results presented here is that approximately 30% of the biomass carbon and significant portions of specific cellular components are degraded quickly after cell death. King and White (16) and Moriarty (23) 
